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The recently proposed participant dissipating effective-energy approach is applied to describe the
dependence on centrality of the multiplicity of charged particles measured in heavy-ion collisions at
the collision energies up to the LHC energy of 5 TeV. The effective-energy approach relates multi-
hadron production in different types of collisions, by combining, under the proper collision energy
scaling, the constituent quark picture with Landau relativistic hydrodynamics. The measurements
are shown to be well described in terms of the centrality-dependent effective energy of participants
and an explanation of the differences in the measurements at RHIC and LHC are given by means
of the recently introduced hypothesis of the energy-balanced limiting fragmentation scaling. A sim-
ilarity between the centrality data and the data from most central collisions is proposed pointing to
the central character of participant interactions independent of centrality. The findings complement
our earlier studies of the similar midrapidity pseudorapidity density measurements extending the
description to the full pseudorapidity range in view of the similarity of multihadron production in
nucleon interactions and heavy-ion collisions.
PACS numbers: 25.75.Dw, 25.75.Ag, 24.85.+p, 13.85.Ni
Recently, the measurements of the centrality depen-
dence of the (mean) total multiplicity of charged parti-
cles in PbPb collisions at the center-of-mass (c.m.) en-
ergy
√
sNN = 5.02 TeV have been reported by ALICE
[1]. Here, we describe these measurements in the frame-
work of the dissipating energy of constituent quark par-
ticipants, or, for brevity, the effective-energy approach,
proposed by two of us in [2, 3]. Exploiting a concept of
centrality-dependent effective energy on nucleon partic-
ipants [4], one demonstrates that the 5.02 TeV ALICE
measurements can be well accommodated by the above
approach and thus complements the results of our find-
ings [6] of a very good description of the data on the
measurements of the midrapidity pseudorapidity densi-
ties in nucleus-nucleus collisions within the energy range
up to 5.02 TeV, provided that the the total multiplicity
is the critical variable for obtaining the information on
the multihadron production dynamics [7–9].
Let us give a brief description of the effective-energy
approach. Within this approach, which interrelates dif-
ferent types of collisions [2], the particle production pro-
cess is quantified in terms of the amount of effective en-
ergy deposited into the small Lorentz-contracted volume
which is formed at the early stage of a collision. Then,
the whole process of the particle production is consid-
ered as the expansion of an initial state and the sub-
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sequent break-up into particles. This picture resembles
the Landau relativistic hydrodynamic model of multipar-
ticle production [10]. In the meantime, the effective-
energy approach considers the Landau hydrodynamics
being treated in the framework of constituent (or dressed)
quarks, in accordance with the additive quark model
[11, 12]. This makes the secondary particle production to
be basically driven by the amount of the initial energy of
constituent quarks pumped into the Lorentz-contracted
overlap region of colliding objects. Then, in pp/p¯p colli-
sions, a single constituent quark from each nucleon is as-
sumed to contribute in a collision. The remaining quarks
are treated as spectators. The spectator quarks do not
participate in the particle production, while result into
formation of leading particles and carrying away a sig-
nificant part of the collision energy. Thus, the effective
energy for multiparticle production in pp/p¯p collisions is
the energy of a single quark pair interaction, i.e. repre-
sents 1/3 of the entire nucleon energy. In collisions of nu-
clei, however, due to the large size of the nucleus and the
long travel path inside the nucleus, more than one quark
per nucleon can interact. In the most central (head-on)
heavy-ion collisions, where the colliding nuclei are almost
fully overlapped, all three constituent quarks from each
of the participating nucleons may interact and deposit
their energy into the collision zone. Then the whole en-
ergy of the nucleons becomes available for the particle
production. Within this picture, the bulk measurements
in head-on heavy-ion collisions at
√
sNN are expected to
be similar to those from pp/p¯p collisions but at a three
times larger c.m. energy
√
spp, i.e. at
√
spp ' 3√sNN .
Let us stress here that the effective-energy approach is
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2considered being applied to the bulk variables, while it
is well understood that collective effects such as elliptic
flow, correlations would provide furter important details
but to be addressed in separate studies.
Combining within the above consideration the two con-
tributing ingredients, namely the constituent quark pic-
ture and the pseudorapidity density from the Landau hy-
drodynamics, one obtains the relationship between the
charged particle rapidity density per participant pair,
ρ(η) = (2/Npart)dNch/dη, in heavy-ion collisions and in
pp/p¯p interactions [5]:
ρ(η)
ρpp(η)
=
2Nch
NpartN
pp
ch
√
Lpp
LNN
exp
[
η2
2
(
1
Lpp
− 1
LNN
)]
,
√
spp = 3
√
sNN . (1)
Here, Nch and N
pp
ch are the (total) mean multiplicities
in nucleus-nucleus and nucleon-nucleon collisions, respec-
tively, and Npart is the number of nucleon participants.
The relation of the pseudorapidity density and the mean
multiplicity is applied in its Gaussian form as obtained in
Landau hydrodynamics. The factor L, which is related
to the Lorentz contraction of the system, is defined as
L = ln(
√
s/2m). According to the approach considered,
m is the proton mass, mp, in nucleus-nucleus collisions
and represents the constituent quark mass (mq) in pp/p¯p
collisions set to 13mp.
At the midrapidity, η≈0, Eq. (1) simplifies to:
ρ(0)
ρpp(0)
=
2Nch
NpartN
pp
ch
√
Lpp
LNN
,
√
sNN =
√
spp/3 . (2)
Taking into account that Lpp = ln
(√
spp/2mq
)
and
LNN = ln
(√
sNN/2mp
)
and setting mq = mp/3 and√
spp = 3
√
sNN , one gets for Eq. (2):
ρ(0)
ρpp(0)
=
2Nch
NpartN
pp
ch
√
1− 4 ln 3
ln
(
4m2p/sNN
) ,
√
sNN =
√
spp/3 . (3)
Solving Eq. (3), for the multiplicity Nch at a given
midrapidity density pseudorapidity ρ(η ≈ 0) at √sNN ,
and for the rapidity density ρpp(0) and the multiplicity
Nppch at 3
√
sNN , one finds:
2Nch
Npart
= Nppch
ρ(0)
ρpp(0)
√
1− 2 ln 3
ln (4.5
√
sNN/mp)
,
√
sNN =
√
spp/3 . (4)
In the further development [4], one considers this de-
pendence in terms of centrality. The centrality is closely
related to the number of nucleon participants determined
using Monte Carlo Glauber calculations, so that the
largest number of participants contribute to the most
central heavy-ion collisions. In the meantime, the cen-
trality is regarded as the degree of the overlap of the vol-
umes of the two colliding nuclei, characterized by the im-
pact parameter. The smaller the impact parameter (more
central collisions), the larger is the overlap zone. Consid-
ering the volumes of the colliding nuclei projected onto
the overlapped area as being populated by the number
of participants depositing their energy into the Lorentz-
contracted volume of the early stage collision zone, the
centrality, in the participant effective-energy approach,
can be related to the amount of the energy released for
particle production, i.e. to the effective energy, εNN , of
the participants. Then this effective energy can be de-
fined as a fraction of the c.m. energy available in a colli-
sion according to the centrality, α:
εNN =
√
sNN (1− α). (5)
One has to note that this relation is satisfied for all but
most peripheral collisions, where no overlap zone can be
actually defined and the collisions rather resemble diffrac-
tive interactions of nucleons, so no scale factor 1/3 to be
applied anymore.
Conventionally, the data are divided into classes of cen-
trality, or centrality intervals, so that α is the average
centrality per centrality interval, e.g. α = 0.25 for the
centrality interval of 20–30% centrality.
Then, for non-central collisions, Eq. (4) reads
2Nch
Npart
= Nppch
ρ(0)
ρpp(0)
√
1− 2 ln 3
ln (4.5 εNN/mp)
,
εNN =
√
spp/3 . (6)
considering central collisions of nuclei at the effective c.m.
energy εNN . Here ρpp(0) and N
pp
ch are taken from pp/p¯p
data at
√
spp = 3 εNN .
Let us note that each of the scalings introduced by
Eqs. (4) and (5) regulates a particular physics ingre-
dient of the modelling within the participant dissipa-
tive effective-energy approach. The scaling embedded in
Eq. (4) reflects the constituent quark picture and then re-
veals a similarity of multihadron production in hadronic
and nuclear collisions. The scaling driven by Eq. (5) ad-
dresses the energy budget effectively retained in the most
central collisions while defining the energy availability for
the global variables in non-central collisions.
Figure 1 shows the effective-energy calculations by
Eq. (6) compared to the charged particle multiplicity,
Nch/(Npart/2), as a function of the number of partici-
pants Npart as measured in heavy-ion collisions at
√
sNN
of TeV energies by the ALICE experiment at the LHC
[1, 13] and, at GeV energies, by the PHOBOS experi-
ment at RHIC [14]. In the calculations, the midrapidity
density ρpp(0) and the multiplicity N
pp
ch are taken from
the existing pp/p¯p data [9, 15], and the ρ(0) values are
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FIG. 1: The charged particle mean multiplicity per participant pair as a function of the number of participants, Npart. The
solid stars show the dependence measured in PbPb collisions at the LHC by the ALICE experiment at
√
sNN = 2.76 TeV [13]
and 5.02 TeV [1], and the solid circles show the measurements from AuAu collisions at RHIC by the PHOBOS experiment
at
√
sNN = 19.6, 62.4, 130 and 200 GeV [14] (the symbols indicate
√
sNN increasing bottom to top). The triangles show the
calculations by Eq. (6) using pp/p¯p data within the participant dissipating effective-energy approach. The open squares show the
effective-energy calculations which include the energy-balanced limiting fragmentation scaling (see text); the solid lines connect
the calculations to guide the eye. The dashed lines represent the calculations using the ALICE fit [1] to the c.m. energy
dependence of the mean multiplicity in the most central heavy-ion collisions. The open stars show the ALICE measurements at√
sNN = 2.76 TeV multiplied by 1.25, and the open circles show the PHOBOS measurements at
√
sNN = 200 GeV multiplied
by 2.87.
taken from the heavy-ion collision data [14, 16, 17] where
available. Where no data exist, the corresponding exper-
imental c.m. energy fits are used. The linear-log [9] and
power-law [18] spp-fits for ρpp(0) at
√
spp ≤ 53 GeV and
at
√
spp > 53 GeV, respectively, along with the power
law c.m. energy fits for Nppch [5] and ρ(0) [16] are used.
One can see from Fig. 1 that within the dissipating par-
ticipants effective-energy approach, where the collisions
are drived by the centrality-defined effective c.m. energy
εNN , the calculations well reproduce the centrality de-
pendence obtained in the TeV-energy region from LHC,
slightly underestimating a couple of the most peripheral
measurements. However, for the RHIC data, the devi-
ation between the measurements and the calculations is
seen already for middle Npart values. The difference in
the behaviour of the data obtained at RHIC and at LHC
4becomes more clearer as soon as one multiplies the RHIC
200 GeV data by a factor 2.87 in order to match the AL-
ICE 2.76 TeV data from highly central collisions. In the
meantime, one can observe that there is almost no dif-
ference between the 2.76 TeV and 5.02 TeV LHC data,
where the lower-energy measurements are multiplied by
1.25 to match the higher-energy ones.
The differences observed have been discussed in [5] and
an explanation has been given by introducing the energy-
balanced limiting fragmentation scaling for the pseudo-
rapidity spectra in non-central collisions. By means of
this scaling, the pseudorapidity distributions in heavy-
ion collisions at RHIC energies are shown to be repro-
duced resulting into the centrality independence of the
multiplicity, see Fig. 1.
In what follows, the energy-balanced limiting fragmen-
tation hypothesis is applied as it is elaborated in [5].
First, let us notice that, as it is outlined above, in
the picture of the effective energy approach, the global
observables are defined by the energy of the participating
constituent quarks pumped into the overlapped zone of
the colliding nuclei. Hence, the bulk production is driven
by the initial energy deposited at zero time at rapidity
η = 0, similar to the Landau hydrodynamics. Then, as
is expected and indeed found in [2–4, 6], pseudorapidity
density (and pseudorapidity transverse energy density)
at midrapidity is well reproduced for all centralities and
all available energies.
Meantime, the data shown in Fig. 1, represent the total
multiplicities, i.e. addresses Eq. (1) after its integration
over the full-η spectrum. Then, the fragmentation re-
gions contribute, in addition to the midrapidity region,
and this contribution has to be taken into account. This
point has been addressed in [5], where the rapidity spec-
tra were studied.
As it was found in [5], the calculations well reproduce
the data on the full pseudorapidity spectra at all c.m.
energies as soon as the effective-energy approach is ap-
plied to the most central collisions. As a consequence,
the total multiplicity values for central collisions are well
reproduced, as one can indeed see in Fig. 1, the points at
the large Npart. This is understood as soon as in the cal-
culations, the energy is considered to be deposited into
the overlapped zone and then,
√
sNN is one driving the
particle-production process in the most central collisions.
Consequently, in Eq. (1) the values of the contributed
variables are taken from the most central collisions.
For non-central collisions, as discussed above, not the
full c.m. energy is considered to contribute to the particle
production but the effective energy εNN to be assumed
instead. As soon as this has been applied to the calcula-
tions, the calculated pseudorapidity spectra were found
[5] to be narrower than the measured ones for the pre-
LHC data, so that the fragmentation region were not well
reproduced. Consequently, as shown in Fig. 1, the non-
central values, measured at RHIC, are seen to be higher
and to follow surprisingly constant values in disagree-
ment with the lower, monotonically increasing calcula-
tions and, interestingly, with the LHC data, to which the
calculations are found well agree. The deviation between
the calculations and the pre-LHC measurements is not
surprising and can be explained due to a smaller value
of εNN , used in the calculations, compared to the value
of the actual collision energy
√
sNN , as well as due to
the fact that the calculations, similar to the Landau ap-
proach, are undertaken in the assumption of the head-on
character of nuclei collisions, which is clearly not the case
for non-central collisions. Therefore, the pseudorapidity
distributions have to be corrected in order to balance the
energy used in the calculations vs. that in the measure-
ments, to account for the fragmentation region. These,
as discussed below and in [5], seem also to explain the dif-
ference between the LHC and pre-LHC total multiplicity
measurements.
To address the point of the fragmentation region, let us
first recall the hypothesis of the limiting fragmentation
scaling [19], which states that at high enough energies,
the (pseudo)rapidity density spectra for given interacting
particle types become independent of the c.m. energy
in the fragmentation region when shifted by the beam
rapidity ybeam = ln(
√
sNN/mp): η → η − ybeam.
As soon as, in the effective-energy approach, the par-
ticle production is considered to be drived by the en-
ergy of the participants involved in the overlapped zone,
one would naturally expect that the behaviour similar
to that of the limiting fragmentation to hold for the cal-
culated pseudorapidity distribution but when the latter
is shifted by the rapidity defined by the effective energy
εNN , namely yeff = ln(εNN/mp). Indeed, in [5], it was
found that for a non-central collision, the effective-energy
calculation of the pseudorapidity distribution matches
immediately the measured spectra as soon as the former
is shifted by yeff while the latter by ybeam. This effect is
observed to hold independently of centrality, as soon as
the corresponding yeff shift was applied.
As so, this unambiguously points out that, in order
to describe the unshifted η-distribution, one needs to
take into account the difference between the c.m. en-
ergy in the measurements and the effective energy of the
participants in the calculations, i.e. in the other words
to balance the energy. To this end, the calculated dis-
tribution, Eq. (1), is shifted by the energy difference,
yeff − ybeam = ln(εNN/√sNN ), in the fragmentation re-
gion, or, due to Eq. (5), by ln(1− α). This immediately
put in agreement the calculated distribution and the mea-
surements for non-central collisions with no deficit in the
fragmentation region [5]. Due to this, the hypothesis
was named the energy-balanced limiting fragmentation
scaling. Using this scaling, the calculated pseudorapid-
ity density spectrum gets corrected outside the central-η
region for all centralities. It is clear that in head-on a
collisions, α tends to zero what makes the shift negligi-
ble.
To add is that where no pseudorapidity density dis-
tributions are available in pp/p¯p data at
√
spp = 3 εNN ,
and therefore no integration is possible using Eq. (1), the
5energy-balanced limiting fragmentation scaling is applied
to reproduce the calculated ρ(η). The measured distri-
bution from a non-central heavy-ion collision is shifted
by (ybeam − yeff), i.e. η → η + ln(1 − α). Then Nch is
calculated by adding the difference between the integral
from the obtained shifted distribution and the measured
multiplicity to the midrapidity calculation of Eq. (6).
Note that for central (midrapidity) region, there is no
need to apply the energy-balanced limiting fragmenta-
tion, as soon as particle production in this region is well
described by the effective energy approach of centrally
colliding participants, as it is discussed above.
Using this ansatz, the values of Nch, calculated for each
centrality for the RHIC measurements, found to repro-
duce well the pre-LHC data, as shown in Fig. 1.
In the meantime, one can also conclude from Fig. 1
that, in contrast to the pre-LHC energies, almost no
energy-balanced contribution is needed for the calcula-
tions to describe the LHC mean multiplicity measure-
ments at TeV c.m. energies. Given this observation
and the fact that the calculations imply they are made
in an assumption of central nucleus-nucleus collisions at
the c.m. energy of the value of εNN , one can conclude
that in TeV-energy heavy-ion collisions, the multihadron
production obeys a head-on collision regime, for all the
centralities measured. This conclusion is supported by
the one made in [5] where the εNN dependence of the
centrality multiplicity data are shown to well follow and
so complementing the
√
sNN dependence of the head-on
multiplicity data without taking into account the energy
balance. This feature is also clearly seen here, as shown
in Fig. 1, where the ALICE heavy-ion head-on
√
sNN fit
[1] is demonstrated to well follow the LHC centrality data
expressed in terms of εNN .
The above findings may be treated pointing to appar-
ently different regime of hadroproduction occurring in
heavy-ion collisions as
√
sNN moves from GeV to TeV
energies. This conclusion finds its support also in our
results [6] of describing the midrapidity density
√
sNN -
dependence as soon as the LHC data are included.
The energy-balanced limiting fragmentation provides
also an explanation to the unexpected difference of the
midrapidity pseudorapidity density increase vs. the total
multiplicity independence with the increase of the num-
ber of nucleon participants as measured at RHIC (RHIC
“puzzle” [5]). At GeV energies, the multiplicity gets an
additional fraction of the energy as the difference be-
tween the collision c.m. energy shared by all nucleons
and the effective energy of the participants driving the
particle production process. No such difference appears
at the LHC where both variables are found to increase
with the number of participants, in agreement with the
central character of all-centrality collisions as discussed
just above.
Let us note in conclusion that the picture of the
effective-energy approach is shown as well to explain [2, 3]
the similarity of the measurements in other collisions,
such the scaling between the charged particle mean mul-
tiplicity in e+e− and pp/p¯p collisions [20] and the univer-
sality of both the multiplicity and the midrapidity den-
sity measured in the most central nuclear collisions and
in e+e− annihilation [21]; see [8, 9] for discussion. In the
latter case, colliding leptons are considered to be struc-
tureless and deposit their total energy into the Lorentz-
contracted volume. This is shown [9] to be supported by
the observation that the multiplicity and η-distributions
in pp/p¯p interactions are well reproduced by e+e− data
as soon as the inelasticity is set to ≈0.35, i.e. effectively
1/3 of the hadronic interaction energy. For recent discus-
sion on the universality of hadroproduction up to LHC
energies, see [15].
Summarizing, the effective-energy dissipation ap-
proach based on the picture combining the constituent
quark model together with Landau relativistic hydrody-
namics in sense of the universality of the multihadron
production in hadronic and nuclear collisions is shown to
well describe the total (mean) multiplicity data in GeV
to TeV c.m. energy heavy-ion collisions. In particular,
the centrality dependence of the multiplicity of charged
particles measured up to 5 TeV are shown to be well
reproduced. In addition, the centrality dependence of
the data is shown to be in good agreement with the
fit to the head-on c.m. energy dependence confirming
the central character of the collisions independent of
the centrality measured. The observation of differences
between the RHIC and the LHC measurements suggests
the change of the particle production regime as the c.m.
energy of heavy-ion collisions moves from GeV to TeV
energy region. This study complements and supports the
results from our earlier investigations [6] of the midra-
pidity pseudorapidity density centrality dependence
measurements in the same energy range while now made
for the full-rapidity interval. Foreseen measurements at
LHC and future colliders at higher energies and with
different types of colliding objects are of high interest in
clarifying the features of the participant effective-energy
approach and in view of better understanding of the
mechanism of the hadroproduction process.
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